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Q u a r t e r l y  Progress Report No. 1 

SYNTHESIS OF FORMALDEHYDE 

.lo In t roduc t ion  

This  repo_rt summarizes t h e  a c t i v i t i e s  of t he  General American Research 

Div is ion  during August through October, 1966 on Contract  NAS2-3889, Synthes is  
/-I* 

/- 

of Formaldehyde. The a c t i v i t i e s  during t h i s  per iod were concerned wi th  (1) 

g e n e r a l  survey of t he  published a b s t r a c t s  of l i t e r a t u r e  pe r t a in ing  t o  t h e  

syn thes i s  of formaldehyde (2) a review of methods f o r  t h e  syn thes i s  of f o r -  

maldehyde and t h e i r  s u i t a b i l i t y  f o r  space app l i ca t ions  (3)  d e t a i l e d  l i t e r a -  

t u r e  survey on the  oxida t ion  of methane t o  formaldehyde. 

2. General Survey of t he  Abs t rac ts  of L i t e r a t u r e  Pe r t a in ing  t o  the  

Synthes is  of Formaldehyde 

A l i t e r a t u r e  search  on t h e  synthes is  of formaldehyde was i n i t i a t e d  

w i t h  a gene ra l  survey of published a b s t r a c t s  and reviews.  The gene ra l  sub- 

j e c t  headings used i n  a l l  phases of t h e  l i t e r a t u r e  search  were: 

.l. Formaldehyde: formation, product ion,  manufacture, c a t a l y s t s  and 

c a t a l y t i c  process e s , polymerization, separa t ion ,  ana lys i s  , k i n e t i c s  and 

mechanism; 

2. Methane: oxidat ion,  formaldehyde from, c a t a l y s i s  - c a t a l y t i c  proc- 

e s ses ,  uses, products,  r e a c t i o n s  of ,  methanol from, formic ac id  from; 

3. Methanol: formation, prepara t ion ,  manufacture, synthes is ,  formal- 

dehyde from, r e a c t i o n s  of,  e l e c t r o l y s i s ;  

4.  Oxides of carbon: reduct ion,  hydrogenation, c a t a l y s i s  - c a t a l y t i c  

processes ,  formation of formaldehyde, methanol, formic a c i d .  
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The following publications were examined and abstracts of pertinent 

papers were obtained from them: 

Chemical Abstracts 

U.S. Patent Index and the Official Gazette of the U. S o  Patent Office 

Technical Announcement Bulletin (TAB), and Technical Abstract Bul- 

letin (TAB), .published by the Defense Documentation Center (DDC) 

Scientific and Technical Aerospace Reports (STAR), and Technical 

Publication Announcements (TPA), published by the National Aero- 

nautics and Space Administration (NASA) 

International Aerospace Abstracts (IAA), published by the American 

Institute of Aeronautics and Astronautics (AIAA) 

Nuclear Science Abstracts (NSA), published by the Atomic Energy 

Commission (AEC) 

U.S 

Commerce Department, Office of Technical Services (OTS), and U.S 

Government Research and Development Reports (U.S.G.R.D.R,) and 

Government Wide Index of Research and Development Reports (G.W.I. 

R.D.R. ), published by the Clearinghouse of Federal Scientific and 

Technical Information (C.FoS.ToI.) 

Monthly Catalog of U , S  Government Publications, published by the 

Superintendent of Documents, U, S o  Government Printing Office (U.S. 

G,P.O.) 

Chemical Reviews 

Warden, E D  C *, "Chemical Patents Index", Chemical Catalog Co -, New 
York, N.Y., 1927 

Government Research Reports (U,S,G.R.R.), .pub.lished by the 
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( k )  Kirk, R.E and Othmer, D .F D ,  "Encyclopedia of Chemical Technology", 

Vo.1, 6, The I n t e r s c i e n c e  Encyc.lcspedfa, Inc , ,  New York, N.Y. ,  1951 

Ulmanns Encyklopadie der  technischen Chemie, 2nd Ed D ,  Urban and 
I t  

(I) 

Schwarzenberg, Berl in ,  ,1929 

U.lmanns Encyklopadie d e r  technicschen Chemie, 3rd Ed,, Urban and 

Schwarzenberg, Munchen - Berl in ,  1956 

t I  

( m )  
I t  

( n )  B e i l s t e i n s  Handbook de r  organischen Chemie, 4 t h  Ed F r i e d r i c h  
11 

Richter ,  D r i t t e s  Erganzungswerck, Springer  Verlag, Berl in ,  1960 

( 0 )  Walker, J. F "Forma.ldehyde", 3rd Ed *, Rheinhold Publ ishing 

Corp., New York, N O Y O ,  ,1964 

Miscellaneous publ icat ions,  p e r i o d i c a l s ,  books, e t c  . ( p )  - 
The a b s t r a c t s  and reviews obtained from t h e  above sources were c a r e f u l l y  

reviewed and t h e  information categorized according t o  t h e  r e a c t i o n s  f o r  

systematic  evaluat ion;  f i n a l  s e l e c t i o n  was made of those pub l i ca t ions  which 

were t o  be obtained i n  complete f o r m .  

3. Review of Methods f o r  t h e  Synthesis of Formaldehyde 

L i t e r a t u r e  r e v e a l s  e s s e n t i a l l y  t h r e e  p o s s i b l e  rou te s  f o r  t h e  syn thes i s  

of formaldehyde from C02 and H2, namely, d i r e c t  formation of formaldehyde, 

formation of methanol w i th  subsequent conversion t o  formaldehyde, and pro- 

duc t ion  of methane which can be then oxidized t o  formaldehyde. Commercia.L.ly, 

most of t h e  formaldehyde i s  produced by t h e  ox ida t ion  of methanol; some of 

t h e  formaldehyde, p a r t i c u l a r l y  i n  t h e  European coun t r i e s ,  i s  obtained from 

t h e  ox ida t ion  of methane and othey hydrocarbons, However, success fu l  com- 

m e r c i a l  methods a r e  not  n e c e s s a r i l y  t h e  most s u i t a b l e  f o r  space a p p l i c a t i o n s .  
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Therefore, it i s  important t o  consider t he  advantages and t h e  disadvantages 

of each method i n  t h e  l i g h t  of space cond i t ions  and l i m i t a t i o n s ,  

( a )  D i rec t  syn thes i s  of formaldehyde from C O  ( o r  CO) and H Because 2 2 O  

of i t s  d i r e c t ,  one s t e p  r eac t ion ,  t h i s  method i s  very a t t r a c t i v e ,  The 

formation of formaldehyde from carbon oxides and hydrogen i s  thermodynamic- 

a l l y  unfavorable and r e q u i r e s  high pressures  t o  proceed a t  a l l .  F i sche r  (.I) 

4 
c a l c u l a t e d  t h a t  pressures  of .lo3 t o  10 atmospheres would be required t o  

o b t a i n  p r a c t i c a l l y  acce.ptable formaldehyde y i e l d s  ranging from 1.6 t o  l 3  

mol % of t h e  carbon oxide. 

o l d e r  l i t e r a t u r e ,  of c a t a l y s t s  and processes  l ead ing  t o  d i r e c t  production 

of formaldehyde from carbon oxides, t h e r e  has  never been any i n d u s t r i a l l y  

developed process  a 

claims could n o t  f i n d  any of . p r a c t i c a l  value.  It seems t h a t  because of t h e  

Although t h e r e  are claims, p a r t i c u l a r l y  i n  t h e  

I n  f a c t ,  Neuman and Bi.l jcevic(*) r e i n v e s t i g a t i n g  a l l  t h e s e  

ve ry  high p res su res  needed, even i f  s u i t a b l e  c a t a l y s t s  could be found, t h i s  

r e a c t i o n  would be d i f f i c u l t  t o  apply t o  space cond i t ions .  

( b )  The methanol rou te  i s  a two s t e p  oper,ation where t h e  carbon oxides 

a r e  f i r s t  converted t o  methanol which i s  then  oxidized t o  formaldehyde. The 

conversion of methanol t o  formaldehyde i s  a r a t h e r  easy  process and i s  being 

used ex tens ive ly  f o r  commercial production of formaldehyde. It involves  pas- 

s i n g  a methanol vapor and a i r  mixture over s o l i d  c a t a l y s t s  a t  e s sen t i a l . l y  

atmospheric p re s su re  and absorbing t h e  formaldehyde formed i n  water.  The 

(2) B .  Neuman and Bil jcevic , ,  z. angew, Chemie 40, 1469 (1927) 
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usual  c a t a l y s t s  a r e  s i l v e r ,  copper, or iron-molybdenum oxide The r e a c t i o n  

i s  run a t  temperatures of 450 - 600"c wi th  y i e l d s  of formaldehyde ranging 

from 83 t o  92% of the  rnethano.1 r eac t ed .  The process, i f  run  under s u i t a b l e  

condi t ions,  produces p r a c t i c a l l y  no s i d e  r eac t ions ,  t h e  only products  being 

formaldehyde, water, and unreacted methanol a 

The i n v e s t i g a t i o n  of t h e  methanol rou te  w i l l  be centered  mainly on t h e  

formation of methanol from t h e  carbon d ioxide  and hydrogen. 

of r e a c t i o n  i s  inf luenced both by temperature and by t h e  p re s su re  and high 

conversions can be obtained a t  e leva ted  p res su res .  Seve ra l  s o l i d  c a t a l y s t s  

a r e  being used f o r  commercial production of rnethanoh;however, most of them 

opera te  a t  h igh  pressures ,  u sua l ly  around 280 atmospheres. For ins tance ,  

a ZnO c a t a l y s t  conta in ing  0.25% Fe 0 

200 - 210 atm; a Cu-AI 0 

s u r e s .  L i t e r a t u r e  a l s o  i n d i c a t e s  processes  and c a t a l y s t  ciaims which .permit 

t h e  conversion of CO t o  methanol a t  p ressures  only s l i g h t l y  above atmospheric.  

The f r e e  energy 

produces methanol a t  300 - 325°C and 
2 3  

c a t a l y s t  g ives  b e s t  r e s u l t s  a t  285 - 400 atm. p re s -  
2 3  

2 

( e )  The carbon dioxide - methane - formaldehyde rou te  i s  a l s o  a two- 

s t e p  process .  

ve ry  w e l l  known and produces u:p t o  99% conversion of C02 t o  methane a t  moderate 

temperatures  (357°F) and a t  atmospheric 'pressures using a ruthenium powder 

c a t a l y s t  . (3)  The ox ida t ion  of methane t o  formaldehyde has been t h e  s u b j e c t  

of numerous i n v e s t i g a t i o n s  u.sing s o l i d  and gaseous ca%a.Lysts, and non-cata- 

l y t i c  devices .  While t h e  y i e l d s  of formaldehyde a r e  not  a s  h igh  a s  those  ob- 

t a i n e d  from t h e  oxida t ion  of methanol, t h e  methane rou te  has t h e  advantage 

t h a t  t h e  e n t i r e  'process can be ca r r i ed  out  a t  atmospheric pressure .  

The c a t a l y t i c  reduct ion  of CO by H2 t o  form CH4, however, i s  
2 

(3) G O A .  Remus, R.Wo F e r r i s ,  and J.D.Zeff, GATC F i n a l  Report, Contract  
AF 33(615)- .~2 .~0 ,  December 3.1, 1964. 
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Based on the  genera l  l i t e r a t u r e  survey, i t  appears t h a t  t he  methane rou te  

may be the  most s u i t a b l e  f o r  space app l i ca t ions ,  p r imar i ly  because t h e  r e a c t -  

- 

ions  proceed a t  atmospheric pressure thus  avoiding high pressure equipment 

and operat ions which would cause a d d i t i o n a l  weight and energy pena l t i e s  

Therefore, t h e  carbon dioxide - methane - formaldehyde 'process was se l ec t ed  

t o  be inves t iga t ed  f i r s t  and a d e t a i l e d  l i t e r a t u r e  review has been made 

from t h e  a c t u a l  publ ica t ions  ins tead  of +,he a b s t r a c t s  used i n  t h e  genera l  

survey 

( d )  The process  of formaldehyde formation by f i r s t  convert ing CO and 

H2 i n t o  formic ac id  and then  obtaining formaldehyde e i t h e r  by reduct ion  or 

decomposition of formic ac id  has not been imres t iga ted  ex tens ive ly .  Cata- 

2 

l y s t s ,  however, have been proposed both f o r  t h e  formation of formic ac id  and 

f o r  i t s  conversion t o  formaldehyde. A t  t h i s  time, i t  i s  unclear  whether t h i s  

'process would be more advantageous than  o ther  methods. 

4. Oxidation of Methane t o  Formaldehyde 

( a )  General  

Based on t h e  information obtained from various a b s t r a c t s ,  copies  

of complete a r t i c l e s  and publ ica t ions  pe r t a in ing  t o  t h e  oxida t ion  of methane 

t o  formaldehyde were obtained f o r  d e t a i l e d  s tudy and review. E f f o r t s  were made 

t o  secure a co l l ec t ion ,  a s  complete a s  possible ,  of pub l i ca t ions  on t h e  sub jec t .  

Over 9% of a l l  t h e  U , S .  and fore ign  a r t i c l e s  and pa ten ts ,  mostly i n  t h e i r  

o r i g i n a l  languages, were obtained and evaluated.  The remainder c o n s i s t  of 

e i t h e r  obscure publ ica t ions  genera l ly  not  ava i l ab le  i n  t h e  U.S., a r t i c l e s  which 

seemed t o  have l i t t l e  per t inence,  or r epea t  pa t en t s  i s sued  i n  var ious  coun t r i e s  

but  covering t h e  same sub jec t .  It i s  i n t e r e s t i n g  t h a t  most of t h e  a r t i c l e s  on 
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t h e  ox ida t ion  of methane t o  formaldehyde have been published ou t s ide  of t h e  

U.S., t h e  ear.Ly ones being mostly B r i t i s h  or German, w i th  the Russian 'pub- 

l i c a t i o n s  accounting f o r  more than  one ha.lf of t h e  published materia.1 a f t e r  

World Ear 11. 

The ox ida t ion  of methane i s  a coplplex r e a c t i o n  Leading t o  a mixture of 

products  whose composition depends on t h e  r e a c t i o n  cond i t ions .  This v a r i e t y  

of products i s  r e a d i l y  exp.lained by t h e  hydroxylat ion theory of Bone a (4)  The 

course of t h e  methane ox ida t ion  according t o  Bone's theory,  as constructed 

by Wheeler and B l a i r ( 5 )  proceeds as follows: 

Ox i da t i on JI 
CH OH 3 

Oxidation 1 
Decomposition 

De composi t i on 

I CH20 + H20 

Oxi da t ion 

Oxi da t i on ll 
I 

De c mpos it i on 

ll 
C O  

1 
Decomposition 

+ H20 

Oxi d a t  i on 

1 C 0 2  + H20 

(4) W .  A. Bone and Drugman, J. Chem. Soc. 89, 676 (1906) - 
( 5 )  Wheeler and B la i r ,  J, Soc, Chem. Ind.  - 42, 8 1 - 9 2 ~  (1923) 
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. 
Double l i n e s  i n d i c a t e  the  usua l  course of t he  oxida t ion ;  

and CO(OH), have not  

of t h e  hydroxylat ion theory  was t h e  f a i l u r e  of e a r l y  inves t iga to r s ,  conduct- 

ing  oxida t ion  experiments mainly without t h e  use of c a t a l y s t s ,  t o  i s o l a t e  any 

methanol. 

however, CH2(0H)2 

been i s o l a t e d .  The d i f f i c u l t y  i n  a complete acceptance 

Later  work(6) showed tha t ,  indeed, t he re  was some methanol formed 

The experimental  da t a  on t h e  formation of a lcohol  and formaldehyde 

and t h e  k i n e t i c s  of t h e i r  oxidat ion accumulated i n  t h e  l i t e r a t u r e  r a i s e d  

the  ques t ion  whether Bone's theory  r ep resen t s  a t r u e  p i c t u r e  of t h e  methane 

oxida t ion ;  t he re  seemed t o  be evidence t h a t  both formaldehyde and methanol 

may be produced simultaneously by p a r a l l e l  rou te s .  A s  e a r l y  a s  1923, Ber l  

and F i ~ c h e r ( ~ )  showed t h a t  formaldehyde was formed d i r e c t l y  from methane 

I n v e s t i g a t i n g  t h e  k i n e t i c s  of t he  i n i t i a l  s t ages  of t he  methane oxidat ion,  

Karmi lova, Enikolopyan, and Nalbandyan(8) showed t h a t  formaldehyde and a l coho l  

were formed toge the r  a t  t h e  very s t a r t  of t he  oxida t ion .  Using carbon l abe led  

compounds, and NO a s  a c a t a l y s t ,  Moshkina, Galanina, and N a l b a n d ~ a n ' ~ )  found 

t h a t  formaldehyde and methanol formed by two p a r a l l e l  rou te s  and showed 

t h a t  imder condi t ions  where the  intermediate  products reach s t a t i o n a r y  values,  

t h e  r a t e  of t he  formation of formaldehyde f r o m t h e  methane i s  n ine  time g r e a t -  

e r  than  t h e  r a t e  of formation of methanol. The methyl a lcohol  i s  oxidized 

2 

(6) Elworthy, Trans.  Roy. SOC. Can. 111, - 16, 93 (1922) 

(7)  

(8) L.V. Karmilova, N .  S. Enikolopyan, and A. B. Nalbandyan, Zhur. F i z .  Khim. 

E .  Ber.1 and H .  Fischer ,  Z .  anorg. @hem, 36, 297 (1923) - 

- 30, 798 (1956) 

(9) R .  I .  Moshkina, N. L. Galanina, and A .  B. Nalbandyan, I z u e s t .  Akad. Nauk 
SSSR, Otdel.  Khim. Nauk. 1959, ,1725 - 
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to formaldehyde which is oxidized further to give carbon monoxide. The 

results of this investigation may be representzed by 

CH4 

CH20 

l k 3  
CH OH 

3 

k4 > CO 

where k = 9 k k = k and k4 = k,l + k . Thus, under given conditions a 

dynamic equilibrium is achieved where the rate of methane disappearance be- 
l 2’ 2 3 3 

comes equal to the formation of CO and the concentration of formaldehyde 

remains constant. Consequently, in a flow system, the concentration of 

formaldehyde in the .product is increased by increasing its rate of formation 

and decreasing the rate of CO formatLon. 

Numerous investigators have attempted to increase the yields of for- 

maldehyde from the oxidation of methane by the use of heterogeneous or 

homogeneous catalysts, photechemica.1 methods, electric discharge, and 

various combinatfons of these methods summarized in t,he following sections. 

(b) Solid Catalysts 

Table 1 summarizes processes for the formation of formaldehyde 

by the catalytic oxidation of methane using solid cataLysts described in 

the literature. The descriptions of catalysts, conditions of reaction, 

and the amounts of formaldehyde formed, indicated in this and in subsequent 

Tables were expressed in the same manner as found in the literature. The 

proposed solid catalysts include many metals, metal oxides, and other mater 



i a l s  which a r e  gene ra l  oxidat ion c a t a l y s t s ,  

a t  e l eva ted  temperatures, it i s  d i f f i c u L t  t o  s t o p  t h e  ox ida t ion  a t  t h e  

formaldehyde s t age ;  it has been shown t h a t  t h e  process wherein methane 

and oxygen r e a c t  i n  the  presence of a c a t a l y t i c  surface i s  n o t  only he t e ro -  

geneous, b u t  t h a t  a homogeneous process also occurs away from t h e  c a t a l y s t  

I n  t h e  presence of oxygen and 

Most of t h e  formaldehyde i s  formed on t h e  c a t a l y s t  surface,  b u t  some 

i s  formed i n  the  gas phases.  Some formaldehyde r e a c t s  f u r t h e r  on t h e  

su r face  t o  form CO b u t  an a d d i t i o n a l  and poss ib ly  l a r g e r  p a r t  can undergo 

ox ida t ion  by a chain r e a c t i o n  i n  the gas  phase. It i s  conceivable t h a t  a t  

high temperatures t h e  s o l i d  c a t a l y s t  or species  adsorbed on i t s  su r face  

may a c t  as chain r e a c t i o n  i n i t i a t o r s .  

even a t  s h o r t  con tac t  t imes t h e  formaldehyde concentrat ion i n  t h e  product 

can inc rease  only up t o  a c e r t a i n  l i m i t i n g  value.  Generally,  t h e  concen- 

t r a t i o n  of formaldehyde i n  the  product i s  low; o v e r a l l  production of formal- 

2; 

Therefore, it i s  thought (IL) t h a t  

dehyde can be increased by using r ecyc le  systems. 

( c )  Gaseous C a t a l y s t s  

Processes u t i l i z i n g  gaseous c a t a l y s t s ,  alone or i n  conjunct ion 

w i t h  s o l i d  c a t a l y s t s ,  a r e  l i s t e d  i n  Table 2 .  The gaseous c a t a l y s t s  used 

inc lude  03, NO2’ NO, HNO C.12, HCI., SO and o the r s ;  however, t h e  most 3’ 2 

promising seem t o  be ozone and the n i t rogen  oxides.  While s i n g l e  pas s  

a p e r a t i o n  r e s u l t s  i n  a low formaldehyde concentrat ion,  r ecyc l ing  inc reases  

(10) P.M. Stadnik and V.I. Gomonai, Kinet ika i K a t a l i z  - 4 (3), 348 (1963) 

(I.1) N O S .  Enikolopyan and G . V o  Koralev, Doklady Akad. Nauk SSR - 118, 983 (1958) 
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I1  

t h e  formaldehyde production considerably.  The Guttehoffnungshutte process 

u t i l i z i n g  n i t rogen  oxide c a t a l y s t  i s  being used on a p i l o t  p l a n t  s c a l e  i n  

Rumania ('I2) A gas mixture cons i s t ing  of 18% CH4, 9% 02, 68% N2, 3% COY 

.1*6% C02 and containing 0 ~ 0 8 %  NO i s  r e c i r c u l a t e d  through a tubu la r  r e a c t o r  

a t  600 - 620"c and con tac t  time of 0.15 - 0 .2  seconds. About 8% of t h e  

methane i s  converted i n t o  formaldehyde. A s i m i l a r  process i s  being used 

i n  t h e  USSR producing 3000 tons/year of formaldehyde. (13) 

The most promising appears t o  be the  pa t en t  claim of t h e  Hibernia 

process ('14) u t i l i z i n g  a s o l i d  c a t a l y s t  and ozonized oxygen or a i r .  It  i s  

claimed t h a t  t h i s  process cgn convert up t o  40% of t h e  methane i n t o  form- 

aldehyde. The advantages of t h i s  'process a r e  high conversion t o  formal- 

dehyde, low ope ra t ing  temperature (.106"C), ease of removal of t h e  unreacted 

ozone, i f  any, from t h e  product, and t h e  absence of by-products. 

( d )  M'  1 s c e l l a n e  ous Methods 

Miscellaneous methods described f o r  t h e  production of formaldehyde 

a r e  l i s t e d  i n  Table 3. None of these methods, however, have achieved any 

s i g n i f i c a n t  success .  The claims of formaldehyde production i n  t h e  presence 

of an e l e c t r i c  discharge may a c t u a l l y  be due t o  t h e  n i t rogen  oxides or 

ozone formed i n  t h e  gas mixture.  

~~ ~~ 

(12) N . S  e Enikolopyan, N.A.  Kleimenov, L.V. Karmilova, A.M. Markevich, and 

A.B. Nalbandyan, Zh. P r i k l .  Khim. - 32, 913 (1959) 

(13) S.F. Gudkov,' Gazovaya Promischlennost 8, (9 ) ,  44 (1963) 

(14) Ger.891, 687 (Oct.  1, 1953) 
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5.  Future  A c t i v i t i e s  

During t h e  next  quarter ,  t h e  

of formaldehyde from methane w i l  

exper imenta.1 

be assemble1 

set-up f o r  t h e  formation 

and t e s t e d .  The a c t u a l  

experimentation w i l l  be s t a r t e d  by i n v e s t i g a t i n g  etched qua r t z  c a t a l y s t s ,  

ozone, n i t rogen  oxides, and then  combinations of o the r  s o l i d  and gaseous 

c a t a l y s t s .  

The experimental  apparatus c o n s i s t s  e s s e n t i a l l y  of a v e r t i c a l  qua r t z  

tube surrounded by an e l e c t r i c  hea te r  which permits r e g u l a t i o n  of t h e  

temperature of t h e  r e a c t i o n  zone. The tube can be used with e i t h e r  gaseous 

c a t a l y s t s  or s o l i d  c a t a l y s t s .  So l id  c a t a l y s t s  w i l l  be t e s t e d  i n  t h e  tube 

by p l a c i n g  a support  s t r u c t u r e  for t h e  c a t a l y s t  bed i n  t h e  d e s i r e d  p o s i t i o n .  

The metered r e a c t i o n  gases  a r e  admitted separately,  .preheated a s  required,  

and then .passed through t h e  r e a c t i o n  tube .  The product gas stream i s  cooled 

r a p i d l y  t o  "freeze" the  composition by blowing a i r  over t h e  bottom .port ion 

of t h e  qua r t z  tube extending below t h e  h e a t e r ,  

drawal of gases both from t h e  r e a c t i n g  mixture and from the  product f o r  

a n a l y s i s .  

t og raph ic  methods. The e n t i r e  system w i l l  be provided with thermocouples 

t o  measure i n l e t ,  c a t a l y s t  bed, and o u t l e t  temperatures a t  var ious p o i n t s  

i n  t h e  system c ross - sec t ion .  

Sampling p o r t s  .permit with- 

The gas mixture and the  product wi.1.1 be analyzed b y  gas chroma- 
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